K E Y W O R D S:
INTRODUCTION
Central nervous system (CNS) malformations are common in the human fetus, affecting approximately 0.3-1% of live births 1, 2 . Prenatal detection of CNS malformations is important since these anomalies frequently have a severe prognosis and are often associated with chromosomal anomalies and genetic syndromes 2 . Despite the high incidence of CNS anomalies and the clinical importance of their prenatal diagnosis, the efficacy of screening is still far from producing satisfactory results, especially when study of the fetal head is limited to axial planes of the brain 3 . An extended study of fetal CNS anatomy, including sagittal and coronal planes of the brain, may improve the diagnostic efficacy 4, 5 . However, operator experience has a significant impact on the quality and interpretation of fetal CNS imaging as well as on prenatal detection of CNS defects 6 , thus limiting the routine application of these diagnostic planes.
Three-dimensional (3D) ultrasound has the potential to reduce the dependency of success on operator skill 7, 8 . This technique allows acquisition of volumes containing most anatomic information, which can be reviewed offline subsequently by recreating novel or standard planes, allowing a comprehensive study of the fetal brain 9 -14 . However, although several algorithms for the 3D reconstruction of the fetal brain have been described 9 -13 , these approaches require the operator's manual 'navigation' of the volume acquired, thus necessitating specific experience and skill in 3D orientation and subsequent retrieval of the diagnostic planes.
OmniView (GE Medical Systems, Kretztechnik GmbH, Zipf, Austria) is a new display technology for 3D ultrasound that allows interrogation of volume datasets and simultaneous display of up to three independent (non-orthogonal) planes by manually drawing lines from any direction or angle. This has the potential to simplify 3D volume examination, thus further reducing dependency on the operator's skills. Indeed, this technique recently proved successful in the analysis of fetal cardiac volumes 15 .
The objective of our study was to test whether this approach could be extended to the visualization of diagnostic cerebral planes in normal second-trimester fetuses and in those with CNS defects.
METHODS
We included in this study 110 consecutive singleton lowrisk pregnant women undergoing routine second-trimester examination. Furthermore, we selected from our database of fetal brain volumes nine cases with CNS defects (three ventriculomegaly, three agenesis of corpus callosum and three abnormalities of the posterior fossa). All the CNS defects had been confirmed either at autopsy or by prenatal and/or postnatal magnetic resonance imaging. This research project was approved by our institutional review board and all women provided written informed consent to participate.
Brain volumes were acquired with a 4-8-MHz transabdominal probe (Voluson 8, GE Healthcare, Milwaukee, WI, USA) using a previously reported technique 16 , starting with a transverse view of the fetal head at the level of the transcerebellar axial plane. The angle of insonation between the incident ultrasound beam and the cerebral midline was kept at approximately 45
• in order to minimize the acoustic shadow of the skull base on the brain structures of reconstructed planes. The sweep acquisition angle was set between 45
• and 60
• according to gestational age in order to include the entire fetal brain within the volume. Volumes were acquired during fetal rest and maternal apnea, in 'maximum' quality mode. We used a standardized setting of two-dimensional (2D) imaging with: harmonics, on (low level); cross beam, 1; speckle reduction, 3; and dynamic contrast, 7.
We developed a standardized algorithm to retrieve sagittal and coronal diagnostic planes from normal brain volume datasets. This was achieved by retrospective offline review of datasets using 4D View (Version 10.0, GE Medical Systems) and applying the OmniView technology. The algorithm consisted of the following steps: Independent analysis of the volumes was later performed by two reviewers with experience in CNS post-processing (G.R. and A.C.). They then classified independently the diagnostic planes that they had obtained as being either satisfactory or unsatisfactory for obtaining diagnostic-quality images according to the criteria reported in Table 1 .
The nine cases with CNS anomalies were anonymized and included randomly alongside a series of 11 brain volume datasets from normal fetuses. One of the reviewers (A.C.), blind to whether each case was normal or abnormal and to the types of CNS defect that had been included in the abnormal group, analyzed with the help of our algorithm this series of 20 cases. He was asked to determine the normal from the abnormal volumes and to provide a possible diagnosis for the anomalies. The agreement rate between the two reviewers was evaluated using Cohen's kappa coefficient. The time required for the analysis was recorded and differences between reviewers were analyzed by Mann-Whitney Utest. P < 0.05 was considered statistically significant.
RESULTS
The characteristics of the population studied are reported in Table 2 . In four cases brain volumes were not recorded, due either to extensive fetal movements or to unfavorable fetal position. was no statistically significant difference between the two reviewers (median, 67 s vs. 74 s, P = 0.318).
Regarding the series of 20 containing normal and abnormal datasets, the reviewer identified correctly all nine of the pathological CNS volumes and made a correct diagnosis in eight (88.8%) of these cases. None of the normal volumes was identified incorrectly as being abnormal.
Examples of fetuses with complete agenesis of the corpus callosum, borderline ventriculomegaly and posterior fossa anomaly (classical Dandy-Walker malformation) are given in Figures 2-4 .
DISCUSSION
In this study we developed a simple algorithm to visualize sagittal and coronal planes of the fetal brain by applying OmniView technology to reslice fetal brain volume datasets obtained with 3D ultrasound during the second trimester. Using the algorithm, we showed that these sonographic planes can be obtained easily in most cases.
Current guidelines for the screening of CNS anomalies suggest limiting the investigation to the axial brain planes on which the falx, thalami, cavum septi pellucidi, lateral ventricles with choroid plexus, cerebellum and cisterna magna should be evident 4, 17, 18 . These axial planes, however, do not allow evaluation of the corpus callosum, cerebellar vermis or other midline brain structures. As a consequence, anomalies concerning these structures are frequently missed in screening programs. Their identification is, however, of great clinical interest since these defects are severe and are frequently associated with other structural malformations and chromosomal or genetic diseases 2, 3 . Therefore, the addition of sagittal and coronal planes to the fetal brain evaluation has been suggested as an integral part of the study of the fetal CNS 4, 6 . However, visualization of these additional planes requires either a transvaginal approach, when this is possible according to fetal position, or a transabdominal approach, using a transfrontal view through the metopic suture. However, not only can both approaches be time consuming, but the success rate of obtaining the correct views is greatly dependent on both the operator's expertise and the fetal position. As a consequence, they are generally only used for referral cases in specialized centers, where a dedicated neurosonography examination is performed.
The advantages of the 3D over the 2D approach in visualizing coronal and sagittal planes must be emphasized. 3D ultrasonography offers the potential of acquiring a volume of the fetal head and then, by subsequently reconstructing the image through the multiplanar technique, allows visualization of the appropriate sagittal and coronal views, thus reducing the difficulties which are encountered in the 2D approach. The main limitation of this approach is the complex anatomy of the fetal brain, which requires the operator to be skilled in 3D orientation and subsequent retrieval of the diagnostic planes from acquired volumes 5, 10, 11, 14, 19 . The use of sequential slices of fetal brain obtained using tomographic ultrasonographic imaging (TUI) has been suggested to facilitate this approach 20, 21 . Although TUI allows automatic slicing of the volume datasets, displaying multiple parallel images, the lines producing these slices are rigid and equidistant from each other and cannot be drawn manually. Despite the possibility of TUI being combined with VCI to improve image quality and the images obtained being manually rotated, there is no possibility of obtaining a simultaneous display of orthogonal sectional planes, thus limiting its clinical application.
OmniView technology instead allows reslicing of the structure that has been acquired, along lines that can be generated manually by the operator from any direction or angle, thus providing a more flexible and effective approach in the study of volume datasets. Indeed, our study illustrates how it is possible to achieve all of the diagnostic sagittal and coronal planes simply by drawing lines on the axial transventricular view of the fetal head, a view obtained routinely in screening ultrasound examinations.
We observed the lowest rate of visualization for the proximal parasagittal plane, a limitation that occurs with 2D ultrasound also and is caused by difficulties in visualizing clearly the proximal atria due to the ossification of cranial bones and their shadowing effect, hampering complete visualization of the proximal brain anatomy. These findings suggest that 3D ultrasound is susceptible to the same intrinsic limitations in scanning windows as those that hamper conventional 2D ultrasound imaging. Nonetheless, our algorithm allowed proper visualization of the proximal parasagittal plane in at least 70% of cases. Acquisition of multiple volumes with different angles of insonation may further reduce the frequency of suboptimal visualization.
Of utmost importance is the rate of agreement achieved between the reviewers in processing the volume datasets. This finding suggests a clinically acceptable repeatability of fetal brain examination using the 3D technique with this algorithm. Furthermore, the short time (median, 70 s) necessary to retrieve the diagnostic planes suggests the ease with which this technique could be applied clinically.
In the abnormal cases, the algorithm allowed the CNS defects to be distinguished and the correct diagnosis to be reached in most of the cases studied. However, although our results are encouraging, some caution is necessary in their interpretation before applying these findings to clinical practice. We tested the algorithm on a limited number of CNS anomalies and further studies on larger numbers of brain defects are necessary to evaluate its diagnostic efficiency. However, its ability to display views deviating from those expected in normal brains is promising and suggests a potential role for the identification of fetal brains suspicious for congenital anomalies.
Recent data suggest that abnormal CNS volumes can be acquired remotely and interpreted accurately by referral centers 22 . Nonetheless, caution is still necessary in the analysis of reconstructed 3D images of the fetal brain, since imaging artifacts cannot always be excluded 23 . The algorithm proposed here may provide a simple means with which to display planes that are difficult to visualize transabdominally, but the transvaginal or transabdominal transfontanellar route will still be necessary for confirmation when anomalies are suspected and/or poor image quality is obtained.
At this time, we recommend that the diagnosis of CNS anomalies should not be made solely on the basis of 3D volume reconstructions. When a CNS malformation is suspected based on a 3D ultrasound volume, it is still prudent and highly recommended for an expert in ultrasonography to perform an accurate evaluation of the fetus. In such situations it is necessary to obtain highresolution images sufficient to allow detection of subtle but relevant anomalies of the fetal brain; at the moment this can only be achieved using a 2D transvaginal or transabdominal transfontanellar approach.
A further limitation of this study is that the CNS volume datasets were acquired by operators with expertise in fetal CNS imaging, whose skills might be greater than those of the average sonographer. As a consequence, the success rate of post-processing examination of CNS volumes may be lower in datasets acquired in peripheral centers during routine second-trimester ultrasonographic examinations. However, recent studies of volumes obtained from fetal brains by operators performing routine secondtrimester ultrasound screening found that more than 90% of datasets were of sufficiently high quality as to allow satisfactory diagnostic neurosonographic views 24 . In conclusion, we have developed a novel algorithm, based on OmniView technology, that can be used to visualize standard sagittal and coronal planes in the fetal brain. This approach may simplify the examination of the fetal brain and, by reducing operator dependency, may help in the incorporation of these diagnostic planes into routine second-trimester examinations.
